The mechanical properties of short glass fiber (GF) reinforced Polypropylene (PP) injection molded parts with various surface treatments and different compounding methods were investigated in this study. The effects of the different surface treatments on the interfacial strength as well as the influence of the pre-molding compounding process and its parameters on the composites' characteristics were determined. Next to basic material properties a focus was laid on fracture toughness and fatigue behavior. A clear recommendation as to kind of the extrusion process could be established and the interfacial effects on the overall mechanical properties of the tested materials could be assessed.
Introduction
Many investigations take place to advance the understanding of the role of the interface between fibers and matrix on the properties of composite materials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Surface treatments of the fibers before compounding can substantially increase the mechanical properties such as tensile strength, impact resistance, and fracture toughness of short fiber reinforced, injection molded thermoplastics [11] . In terms of industrial application one of the most often used compositions is glass fibers in polypropylene. This investigation tries to further contribute to the understanding of the fiber-matrix interfacial effects by researching into fracture and fatigue behavior of GFIPP composites with different surface treatments as well as some different compounding methods.
Materials
Five materials were selected in this study (designation A,B,C,D and E, see Table 1 ). had a higher glass fiber fraction. E-glass fibers were used as reinforcement and the matrix used was an isotactic Polypropylene modified with 0.1 % Maleic Anhydride (MAH). The coupling agent was y-Amino-Propyl-Trimethoxy-Silane (y-APTS) in all cases. As a binder Maleic Anhydride Acid Polypropylene Emulsion was used for Materials A;C;D, and E, and Acryle-Styrene Copolymer Emulsion for Material B. The basic compounding method was carried out with a twin screw extruder in the case of Materials A,B, and E. As alternatives, Material C was compounded with a Buss kneader and Material D with a reverse twin screw extruder. All materials had a fiber weight fraction of 20 % (equal to 8 vol%), except Material E which had 40 % (equal to 19 vol%).
The coupling agent and the binder between the reinforcing fibers and the matrix form together an "interphase", as schematically illustrated in Figure 1 . Thus, two critical interfaces exist, one between the fiber and the coupling agent and one between the binder and matrix resin. Specimen Production The specimen fabrication process can be divided in two major steps; they are 1. Compounding, and 2. Injection molding. Three different types of compounding methods were used, and they were distinguished mainly by the kind of screw arrangement of the extruder. As a baseline process a regular twin screw extruder was used for Materials A, B, and E. Material C was compounded with a Buss kneader (University of Akron, USA). Material D was compounded with a twin screw extruder in which the two screws ran counterwise, thus called a reverse twin screw extruder (University of Akron, USA). After being extruded and cooled the composite strand was chopped to pellet-size and fed into the injection molding machine. For the tensile tests dumbbell shaped specimens were molded, whereas those for fracture and fatigue tests were machined from injection molded flat plates of 100 x 100 x 3 mrrr'. The resulting CT specimens were prepared with pre-cracks in two different directions, one with the initial notch lengthwise to the mold filling direction (MFD), called L, and one with the notch perpendicular or transverse to MFD, designated as T. All specimens were cut out in a way that the crack would always grow towards the center of the plate, thus avoiding effects from the edges. The starter notch was further sharpened by a razor blade cut.
Experimental Average Fiber Length
The average fiber length was determined with an Olympus SZ-C TV, a Nippon Avionics Image Processor and an NEC PC-9801 DA computer for the subsequent statistical evaluation, after burning away the matrix resin. No less than 1000 fibers were measured for each material at two points in the production process, first as pellets after the compounding, and second the finished injection molded parts.
Tensile Strength
Tensile tests conducted in this work were executed according to 1IS K 7113 with a dumbbelltype specimen. An Instron Universal Testing Machine Model 4206 was used with a 10 kN and 5 kN loadcell, respectively. Testing conditions were room temperature (22,5°C) and 50 % relative humidity. The testing speed was 1 mmlmin, the maximum load was set for 2.5 kN. Load vs. time and elongation was recorded, and load at yield, load at break as well as the corresponding extensions were noted. Between 5 and 10 specimens were tested for each material.
Fracture Toughness
The fracture toughness was obtained with CT-specimens according to the suggestion of the European Structural Integrity Task Group on Polymers and Composites (ESIS) for Linear Elastic Fracture Mechanics (LEFM) Standard for Determining K, and G c for Plastics [14] . All tests were conducted with an Instron Universal Testing Machine Model 4206 at room temperature and a relative humidity of 50%. Load and elongation were recorded. The maximum load was noted as F max. From the slope of the relatively steady elongation growth the angle~was measured and the compliance C was calculated. Another line was drawn with an angle W, which corresponded to the arcustangence of 1.05 x C. The interception of this line with the original curve determined the value F Q , which was also noted. From F max and F Q fracture toughness values K max and Ko were calculated according to:
where F is the applied load, B the thickness of the specimen, and W the width of the specimen, from the center-hole to the end opposite to the crack. f (aofW) is a shape factor given by ASTM E 399:
with ao being the initial crack length, i.e. the distance between the center of the loading holes and the tip of the razor blade notch. At least 5 specimens were tested for each material, if the standard deviation was large the number of specimens was increased.
Fatigue Crack Growth Behaviour
For the fatigue testing of the CT specimens a Tokyokoki-Schenck Hydropuls PSA closedloop servohydraulic testing machine was used. The cycling occurred in a tension-tension mode with-a load ratio R between minimum and maximum force of R = FminlFmax = 0. Initially, the load amplitude AF = F max -F roin was set to 60 % of the maximum load determined in the static fracture toughness tests, however, if after some 50,000 cycles no crack growth could be observed, the force was increased in 5 % steps.
Results and Discussion Average Fiber Length
The average fiber lengths (AFL) of both the pellets (after compounding) and the finished molded pieces are displayed in Figure 2 . It can be seen clearly that Material D had the shortest average fiber length before molding due to the reverse twin extruder compounding. Materials A and B are of almost equal length both after compounding and after molding. The difference in binder therefore shows only a little effect. Material C is slightly shorter due to the kneading during compounding. Material E has a significantly shorter AFL which can be attributed to the higher fiber content of 40 weight-% and the resulting higher amount of fiber breakage events. As seen in Figure 3 , Material E naturally displayed the highest tensile strength due to its higher fiber content. Material A (PP-binder) showed a slightly higher tensile strength compared to Material B (Acryle-Styrene-binder) but a significantly higher elongation ratio. The different surface treatments therefore affect the material's ductility and in so far gives an advantage to the PP based binder. Surprisingly Material C proved to be the strongest of the 20-weight-% materials giving credit to the Buss kneading compounding method. Material D displayed the lowest strength value which was in accordance with its relatively short fibers. The values of K max and K.o, used in this study, are typical strength rather than energy (or elongation) based toughness indicators [15] . Therefore, the trends to be expected should follow more the trends seen for the tensile strength than for the elongation to break values. ill fact, as illustrated in Figure 4 , Material E had the highest fracture toughness (as it was also seen for its tensile strength).
Materials A and B represent the effects of the different binders, with Material A again being superior to Material B. ill addition, the Buss kneaded Material C displayed more favorable results than obtained with the standard or the reverse twin screw procedure. Concerning the differences between K.o and K max , it can be stated that both are relatively close together, which can be considered as an indication that almost plane strain conditions were existent in all materials tested. Besides, the absolute values of I<Q are in a range measured for similar GFIPP-systems by other authors [8, 12] . Surprisingly, for all materials the toughness values in L-direction were slightly higher than the ones in T-direction. This can be explained when analysing the fiber orientation distribution across the thickness of the injection molded plates (cf. Figure 5 ). Material A displays some stable crack growth behavior with a higher stress intensity factor amplitude, as can be seen in Figure 7 . Crack initation takes places under a higher load and the slope of the curve is lower. These results can be summarized as "better" fati1ue behavior. The stress intensity which leads to accelerated, unstable crack propagation is significant higher than the value of material B. It should be further noted that the same fatigue crack propagation test was also conducted with unreinforced PP. Contrary to the expectations the PP fractured very fast and could not stand more than 5000-6000 cycles under the same loading conditions. Due to a small stable crack growth range a senseful daJdN vs. LlK curve could not be evaluated. Different failure mechanisms contribute to the crack propagation, as illustrated in Figure 8 . The most dominant ones are fiber breakage, fiber pull-out, matrix deformation and interfacial debonding (Figure 9a,b) . Fiber breakage occurs when the fiber is not pulled out of the resin but remains in place and fractures as the crack propagates. Fiber pull-out takes place on the other hand, when the interphase is the weak point and gives way while the fiber mainly remains intact. Matrix deformation and fracture are found to be dominant right at the tip of the crack. The material with a surface treatment compnsmg y-Amino-Propyl-Trimethoxy-Silane coupling agent and Maleic Anhydride Acid Polypropylene Emulsion binder showed superior properties in relation to the material having the same coupling agent but an Acryle-Styrene copolymer emulsion binder. This fact was confirmed under static loading conditions, such as tensile tests and mode I fracture tests as well as for the fatigue crack propagation behavior. These macro-mechanical results were further validated in micro-mechanical pull-out experiments. It can be concluded that the PP-based binder forms a better adhesive bond with the matrix PP than the Acryl-Styrene binder, under the condition that the coupling agent is the same in both cases. The PP-based binder showed higher tensile strength while giving the interphase a greater ductility. These facts lead consequently to a higher fracture toughness and to a better long term fatigue behavior under precracked conditions.
From a processing point of view it can be clearly stated that the compounding method influences the composites characteristics strongly. The traditional extrusion conducted in a normal twin screw extruder served as a reference. The variation of rotation direction in the reverse twin screw arrangement induces high shear stresses in the molten material and therefore causes fiber breakage and damage. The finished molded pieces displayed inferior quality under tensile load as well as in static and fatigue fracture. The material compounded with the Buss kneader (Material C) achieved higher values under all load conditions and therefore gave a lot of credit to this technology. The glass fibers apparently suffer a lot less damage during this process. In comparison to Material A (twin screw extruder), the resulting fiber length was almost equal but the resulting tensile and fracture values of Material C were higher which clearly indicates a less damaged fiber surface and a better interfacial bond. Material A as the baseline material displayed good overall properties for a 20-weight-% short glass fiber reinforced injection molded material. A higher content of glass fibers leads to shorter fibers but nevertheless improved strength and toughness.
